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Synthetic aperture radarAbstract Radio frequency interference (RFI) is becoming more and more frequently, which makes
it an important issue in SAR imaging. RFI presented in synthetic aperture radar either on purpose
or inadvertent will distort the useful SAR echoes, thus degrade the SAR image quality. To resolve
this issue, a long time study was carried out to study the characteristic of the RFI through the RFI-
affected spaceborne and airborne SAR data. Based on the narrow band nature of RFI, this paper
proposes a new process which contains both RFI detection and RFI suppression. A useful subband
spectral kurtosis detector is ﬁrst used to detect RFI, and then its results are used for RFI suppres-
sion. The proposed process has two advantages: one is the economization on the compute time for
unnecessary interference suppression when no RFI existed; the other is improving the performance
of the suppression method with knowing the exact position where RFI is. Moreover, the previous
RFI suppression method––subband spectral cancelation (SSC) is supplemented and perfected. The
subband division step is also elaborated detail in this paper. The experiment results show that the
subband spectral kurtosis detector exhibits good performance in recognizing both weak and
narrow-band RFI. In addition, the validity of the SSC method with subband spectral kurtosis
detector is also validated on the real SAR echoes.
ª 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Synthetic aperture radar (SAR) has been found of signiﬁcant
meaning in geosciences and remote sensing. As a kind of all
weather, day and night active imaging radar, SAR has proven
to be of great ability to distinguish terrain features, recognize
and identify selected man-made targets.1 These features,
together with its ﬁne two-dimensional resolution capability,
have made SAR a valuable remote sensing tool for both
military and civilian users.2–4 However, from the point of view
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has been already close-packed with other electronic equip-
ment, such as communication systems, air-trafﬁc surveillance
radars, meteorological radars and other radiation sources.
These incoherent electromagnetic signals emitted by above
sources are called radio frequency interference (RFI) in the
applications of SAR.3 RFIs usually appear as bright stripe
or dense raindrop along the range aspect in the SAR image.
That will severely degrade the SAR image quality especially
for high-resolution requirement. Therefore, to investigate
effective methods of detecting and suppressing the radio fre-
quency interference is of great meaning for SAR applications.
Data from SAR sensors both airborne and space-borne are
likely to be increasingly contaminated by RFI as the spectrum
becomes more and more crowded. These man-made RFI sig-
nals have unpredictable characteristics. The transmitters can
be on surface, airborne, or space-borne platforms. These
RFI signals are typically narrowband, high power in the recei-
ver measurement bandwidth. Once the powerful RFI signals
come in the SAR receiver, it can make the echoes saturated
or result in spurious measurements. With the high power, the
RFI signal may cause SAR performance to be degraded or lost
entirely in the vicinity. Such a RFI signal may affect both
SAR-based imaging and SAR-based target indication, and
the performance loss may happen regardless of whether the
interfering signal is intentional or unintentional. Either way,
it is important to know if the SAR signal is contaminated, thus
to determine whether the SAR data is reliable, and to decide
whether or not to suppress the RFI signal.
Several recent works have documented the methods for
RFI mitigation.5–14 These works can be summed as two
groups: RFI detection approach and RFI suppression method.
However, it is very difﬁcult to ﬁnd a widely applicable solution
to work for these two problems. To address this issue, we
expect the extracted RFI detection information can be used
as a valued input for RFI mitigation. Our previous work has
proposed the subband spectral cancelation (SSC) method for
SAR RFI suppression.10 However, the work has not explained
the connection between the subband signals and the detailed
step to separate the subband signals. In this paper, the RFI
detection results will be made the best to separate the subband
signals, and an improved SSC method for SAR RFI suppres-
sion based on the subband spectral kurtosis detection algo-
rithm will be given.
The organization of this paper is arranged as follows. The
characteristic of RFI and their usually forms are studied in
Section 2. Then the subband kurtosis detection method is
expatiated based on the analysis of previous section in
Section 3. Combined with subband kurtosis detector,
Section 4 discusses an improved SSC algorithm for RFI miti-
gation. Section 5 examines the performance of the proposed
subband spectral kurtosis algorithm and also shows the RFI
mitigation results with the SSC method. Final conclusions
are presented in Section 6.2. Characteristic of RFI
2.1. Characteristic in frequency-domain
There are many different forms of RFI. Among them, one
class has enormous impact on SAR echoes because of theirpowerful energy. The problematic strong RFI caused by aero
planes or surveillance radar is commonly concentrated in fre-
quency domain. Another class of RFI caused by weakly trans-
mitting is usually with steady-going amplitude and regular
pulse repeat time. It is very hard to identify this kind of RFI
for their weak energy, and it may cover all the receive data
in the work band but without obvious time or frequency
features.
In case of E-SAR, a very narrow bandwidth RFI signals are
encountered compared to the one of the radar.15 With their
narrow band and short duration, the man-made RFIs come
forth only in partial individual range sects. Additionally, the
RFIs also present asymmetrical distribution in azimuth. On
balance, the jammer parameters has decided the characteristics
of RFI.
The amplitude of RFI in frequency domain usually turns
concentrated in some frequency band as their narrow band-
width no matter strong RFI or weak RFI. The narrow band
of RFI is especially useful for our detection and suppression
method which will be introduced next. Sometimes, it may be
very hard to detect and judge the RFI in one pulse. Then the
method called average range spectrum can be used, and it can
make the RFI well exposed. Fig. 1 shows one representative
type of RFI of the ones actually encountered in low frequencies
SAR. After average range spectrum processing, the RFI in
Fig. 1(a) and (b) show narrowband characteristic in contrast
to the wide bandwidth of SAR. Fig. 1(c) shows 100 pulses of
contaminated SAR echoes. Parts of the RFI presents local
and ﬁxed in some frequency band and appears some periodi-
cally which is corresponding to its duty cycle in time domain.
2.2. Modeling of RFI
The different representative styles of RFI signals we have actu-
ally met in the real data is concluded as following:
(1) Pulsed sinusoidal signalThis kind of interference
signal is very common, and has been adequately studied
in synthetic aperture radar. They may be transmitted by
some kind of communication radar or modulated by a
spurious signal. Its mathematical model can be written
as:  
SSðtÞ¼Ai expðj2pfitþ j/iÞ rect
t ti
Tpi
i¼1;2;    ð1Þ
where SSðtÞ represents the pulsed sinusoidal signal. Ai
means the amplitude. fi and /i are the carrier frequency,
and initial phase respectively. The index i means the ith
pulses the RFI appears. And Tpi is the pulse width of the
pulsed sinusoidal signal. Usually, the pulsed sinusoidal
signal has its own duty cycle, and the time center of a
train pulses can be described as:ti ¼ t0 þ ði 1Þ  PRTRFI½  mod PRTSAR i ¼ 1; 2;    ð2Þ
Nitv ¼ bPRTRFI=PRTSARc ð3Þ
where PRTRFI is the pulse repeat time of the pulsed sinu-
soidal signal and PRTSAR is the pulse repeat time of the
SAR. Nitv is the repeated number of pulse of the RFI.
The RFI plays as contaminated sources when its
working time locals in the receive time window of
Fig. 1 RFI received in frequency domain.
Fig. 2 Example for pulsed sinusoidal signal.
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approximate RFI signal when several pulsed sinusoidal
signals added together.RFIðtÞ ¼
XM
k¼1
SSkðtÞ k ¼ 1; 2; . . . ;M ð4Þ
Fig. 2 shows one pulsed sinusoidal signal appearing in
the SAR echoes. The time duration is very short, no
more than 10 ls in general, as shown in Fig. 2(a). The
raised waveform in range frequency domain are causedby amplitude modulation, which can be seen in
Fig. 2(b). In the same interfered frequency band, the
phase of the SAR echos appear reverse linear in
Fig. 2(c).
(2) Chirp signal
In order to obtain much wider operating bandwidths,
phase or frequency modulated waveforms are usually
the favorable choice. One of these is the linear frequency
modulation (LFM) signal, which is also called chirp sig-
nal. This kind of signal is not only widely used in SAR,
but also commonly used in other radars such as early
warning radars and communication equipment. Its
mathematical model can be written as:
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CSðtÞ¼Ai exp jpKrit2þ j2pfitþ j/i
  rect t ti
Tpi
i¼1;2;    ð5Þ
where CSðtÞ is the RFI chirp signal, Kri, Ai; and fi are the
chirp rate, amplitude, carrier frequency respectively. /i
is the initial phase. The index i means the pulse number
where the RFI appears. The time center of a train pulses
can be described as Eq. (2). The actual RFI chirp signal
we have met usually have several characteristics as the
following: (1) its time duration lasts for about 10–100
ls; (2) the pulse width and its amplitude of one chirp
is usually time-invariable; (c) its bandwidth is usually
narrow which means its chirp rate is usually lower than
the SAR working chirp rate.Fig. 3 shows one example of
pulsed chirp signal appearing in the SAR echoes. As
shown in Fig. 3(a), the regular rectangle liked waveform
is the chirp signal. When transformed into frequency
domain, it is easy to estimate the bandwidth and the
chirp rate with the RFI chirp signal. The residual phase
in Fig. 3(c) shows the quadratic parabola form which is
coincident to the chirp signal.(3) Amplitude modulation signalIn case of amplitude mod-
ulation (AM), it is a familiar technic used for wireless
communication. The radio carrier signal is modulated
by amplitude with regard to the message being sent.
The frequency of carrier signal is usually greater than
the modulating signal and it decides the space where
the modulating signal occupies in the frequency domain.
But the bandwidth is decided by the modulating signal.
The signal model of the RFI AM signal can be described
as:
 Fig. 3 Example for pulsed chirp signal.AMðtÞ¼ ½AiþmðtÞ expðj2pfitþ j/iÞ rect
t ti
Tpi
i¼1;2;    ð6Þ
where AMðtÞ is the RFI AM signal, Ai and fi represent
the natural amplitude and carrier frequency of the AM
interference signal in the order. The time center of a
train pulses can be described as Eq. (2). m(t) is the key
item in the AM, for it contains the useful message the
user needs.Fig. 4 shows one example of pulsed AM sig-
nal appearing in the SAR echoes. The modulated ampli-
tude is obviously high than the SAR signals as shown in
Fig. 4(a). After 1d Fourier transformation, the energy is
concentrated in the frequency band as shown in
Fig. 4(b). Because of the mixing with the AM interfer-
ence the phase of SAR echos changed its direction in
Fig. 4(c), and this may be another useful message for
detection the RFI.3. Subband spectral Kurtosis detection model
The kurtosis detection algorithm is in virtue of the different
distribution between SAR echoes and RFI signals.16 SAR
echoes reﬂected from the ground tend to be randomness,
and the probability distribution function could be presented
as Rayleigh in substance. On the contrary, the man-made
RFI sources is more simple in the form and usually with
a non-Gaussian distribution. On the basis of the different
distribution, the existence of RFI can be detected using
the kurtosis algorithm to measure the deviation from the
normality.For a signal xðtÞ, the formula for kurtosis is usually deﬁned
as the fourth central moment divided by the square of the sec-
ond central moment17:
kurtosis ¼
E xðtÞ  xðtÞ 4n o
E2 xðtÞ  xðtÞ2
h on ð7Þ
where xðtÞ is the mean, Efg denotes the expected value. For a
normal distribution Kurtosis test gives 3 as a result.18 Random
variables with Kurtosis test beneath 3 are called subgaussian,
and those with Kurtosis test over 3 are called supergaussian.
Fig. 4 Example for amplitude modulation signal.
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kurtosis ¼
E xðtÞ  xðtÞ
h i4
E2 xðtÞ  xðtÞ
h i2 	 ¼ ð8 0:75p
2Þr4
ð2 0:5p2Þr2½ 2  3:24
ð8ÞFig. 5 Subband spectral kurtosis detection.where r is the standard deviation. Without RFI, the echoes of
the scene and within the SAR system itself give rise to a
Rayleigh distribution of the voltage, for which the kurtosis is
equal to 3.24. Due to the digitization effects such asquantization bin size, truncation, rounding, etc., the measure-
ment of the kurtosis may be transferred slightly.
For SAR raw data, the in-phase and quadrature compo-
nents are characterized as zero-mean Gaussian distributions
with equal standard deviation. After the fast Fourier trans-
form, the Gaussian variant is changed to another Gaussian
variant. Then the amplitude of SAR echo in frequency domain
still keeps a Rayleigh distribution. In another way, interference
detection and mitigation algorithms can exploit certain
common features of RFI signals that cause them to be distin-
guishable from SAR transmitted signal. One of the obvious
features is the narrowband spectrum relative to the bandwidth
of commonly used SAR working bands. Thus, we can associ-
ate with the feature basic method for interference detection
and mitigation: spectral kurtosis test.19 Considering the large
bandwidth of SAR compared to that of RFI, it would be
difﬁcult to detect narrowband RFI sources since these sources
might only cause a weak change in spectral kurtosis test when
averaged over a larger bandwidth. One efﬁcient method is to
subdivide the working bandwidth into multiple frequency
bands then make the spectral kurtosis test to subbands.
Fig. 5 shows the ﬂow diagram of the subband kurtosis
detector, where Nr denotes the number of range samples, N
denotes the number of subband. In the subband kurtosis detec-
tion method, we can get N subbands through 1D Fourier
transformation and then applied with frequency ﬁltering. To
the SAR echoes without RFI, the data in each subband can
be treated as independent Gaussian variables. But its variance
will be reduced by multiplying the factor 1/N. At the same
time, the samples in each subbands is also reduced to1/N
compared to original received data. Whatever, the kurtosis
measure results will keep norm with tiny ﬂuctuation depending
on the radiated terrain. On the contrary, the kurtosis detection
results will be changed apparently from the mean value when
there is RFI occurrence. The kurtosis values of each subband
are then calculated and evaluated the deviation from the pre-
established measurement value. If one of this deviation exceed
the limit (assumed as Th), then the echoes will be judged with
RFI. In this paper, the subband spectral model is selected not
only to be capable of simulating all of the signiﬁcant spectral
behavior of ‘‘clean’’ spectra over the band of interest, but also
1194 L. Yang et al.can provide useful information for the SSC method, which will
be introduced in the next section.4. RFI mitigation with subband spectral cancelation method
The SSC method for SAR RFI suppression has been pro-
posed in our previous work.10 The SSC method also depends
on the different spectrum nature between RFI and SAR
signals. The RFI signal is usually narrow band and locals
on some frequency without symmetry in the spectrum.
While the spectrum of SAR is usually symmetrical and the
subband signals can be used for SAR imaging independently.
Using the subband spectral cancelation, the SAR signal will
be canceled for its symmetry while the RFI will be extracted
with its unsymmetry. However, the previous work didn’t
explain the RFI detection method and the judgment used
for subband signals separation. These shortage will be made
up by an improved elaborate SSC method with subband spec-
tral kurtosis detector in this paper.
RFI detection and mitigation is performed in range-
frequency azimuth-time domain after SAR imaging in our
approach. In the SSC method, there exist two subband groups:
one is contaminated by RFI signals while the other not. In vir-
tue of the Fast Fourier transform, the interference-to-signal
plus noise ratio (ISNR) can be optimized because of the nar-
row band characteristic of RFI. In the range frequency
domain, signal with RFI can be easily detected using subband
spectral kurtosis detector. The detection results will be used to
decide the divided subband signal belongs to which group.
The improved subband spectral cancelation for RFI detec-
tion and mitigation approach is as follows:
(1) Do the 1D FFT transformation to the SAR imaging sig-
nal in the fast time. Then divide the spectrum into 2 N
subbands.
(2) Applying the subband spectral kurtosis detector to the
subband signals, and grouping them into two groups.
After the IFFT procedure, the two group signals are
then changed back to the time domain. In the time
domain, there exist the following equations:ysub1ðtÞ ¼ ssub1ðtÞ þ rsub1ðtÞ ð9Þysub2ðtÞ ¼ ssub2ðtÞ ð10Þ
where rsub1ðtÞ is the narrowband interference, ysub1ðtÞ is the
contaminated SAR echo. ssub1ðtÞ and ssub2ðtÞ are the desired
subband SAR signal. ysub2ðtÞ is the RFI free echo.
The number of subband signal in group ysub1ðtÞ should be
less than N to ensure the SSC method works. If this condi-
tion could not be satisﬁed, then the processing step should
return to step 1 to divide the spectrum into more subbands.
Otherwise, the number of subband signals in ysub2ðtÞ should
be adjusted to equal that in ysub1ðtÞ to make sure the
algorithm succeeds.
(3) Generally speaking, the power of subband image usually
meet the relations as follows:Fig. 6 SSC procedure with subband spectral kurtosis detector.jysub1ðtÞj2  jssub1ðtÞj2 þ jrsub1ðtÞj2 ð11Þ
jysub2ðtÞj2 ¼ jssub2ðtÞj2 ð12ÞMake the subtraction between Eqs. (11) and (12):jysub1ðtÞj2jysub2ðtÞj2 ¼ jssub1ðtÞj2jssub2ðtÞj2þjrsub1ðtÞj2
ð13Þ
Assume that the received subband SAR signal can be
presented as the product of the imaging system transfer
function hðtÞ and the radar cross section rðtÞ. Then we
will get:jssub1ðtÞj ¼ jr1ðtÞhðtÞj ð14Þ
jssub2ðtÞj ¼ jr2ðtÞhðtÞj ð15Þ
In most cases, the center frequencies of two contiguous
sub-bands SAR signals are nearly equal to each other.
So for the two group sub-band SAR signals, the con-
tiguous sub-bands can be chosen to satisfy the equation:r1ðtÞ ¼ r2ðtÞ ð16Þ
In practice, to make sure the above equation come into
existence, the suppression method needs more work as
amplitude compensation and internal calibration pro-
cess. After this, then we get:jssub1ðtÞj2  jssub2ðtÞj2 ¼ jr1ðtÞhðtÞj2  jr2ðtÞhðtÞj2  0
ð17Þ
Because of its unsymmetry, the energy of RFI signals
centralize in the group sub-band ssub1ðtÞ while in the
group sub-band ssub2ðtÞ the interference to be zero,
which means:jrðtÞj2  jrsub1ðtÞj2 ð18Þ
(4) With the interference signals gotten, the narrow-
band RFI will be removed and the RFI-free
images can be obtained as:
 
 
 

jsðtÞj2 ¼ 

 jyðtÞj2  

 jysub1ðtÞj2  jysub2ðtÞj2 

 






 jyðtÞj2  jrðtÞj2



 ð19Þ
To sum up, the main idea of the SSC method is to: (1)
take out the RFI signals; (2) subtract the RFIs from
the SAR signals. The SSC procedure with subband spec-
tral kurtosis detector this letter used is shown in Fig. 6.
Fig. 7 ROC curves with different ISNR.
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5.1. Experimental validation of subband spectral kurtosis
performance model
Before we do the evaluation about the performance of sub-
band spectral kurtosis detector, there are two error types
should be known ﬁrstly:
Type I error: the probability of false alarm Pfa, which
means the rejection of a true hypothesis. This type of error
happens when there is no RFI existence but detected by the
algorithm in a determined sample.
Type II error: the probability of missed detection Pmiss,
which means the acceptance of a false hypothesis. This type
of error is happens when there is RFI appearance but not
detected in the sample. In this work, the probability of detec-
tion Pd we will use in the following experiment is deﬁned as
1 Pmiss .
The receiver operating characteristic (ROC) curves is usu-
ally used to describe the detector performance.20 It is plotted
by the probability of detection Pd and the probability of false
alarm Pfa when the test condition and threshold is varied. The
detector with good performance has a high probability of
detection Pd and a low false-alarm rate Pfa. While Pfa  Pd
happens, which means the ROC curve is a 45 line, the detector
is with band performance. In the following test, the channel of
subbands is chosen from 1 to 16. The word ‘‘channel’’ is used
to represent the number of subbands. The pulsed sinusoid sig-
nal is chosen as the RFI in the test.
The measured ROC curves with different ISNR are plotted
using a linear scale in Fig. 7. As it can be noted, the larger the
interference to signal and noise ratio (ISNR), the better
the detector performance are shown in the ROC curves since
the power of the RFI grows in the spectrum. For the 2
channels and 4 channels case, their test performances are
nearly the same which are better than the 1 channel case
(1 channel represents the fullband). And for the 8 channels
and 16 channels case, these two keep the best performance in
our test under weak RFI case. From the experience in the real
data processing, 8 channels is usually efﬁcient enough to
handle the RFI detection for the SSC method. From these
results, we can see the fact that the subband spectral kurtosis
algorithm can still detect the RFI even at low power levels.
Having chosen the channels number to be 8, then the form
of RFI as the Section 2 mentioned will be changed, and the
detector’s performance under different kind of RFI will be
tested. The simulation results are as the following.
Fig. 8 gives ROC curves of the different RFI types with the
same ISNR. The subband kurtosis detector reaches the best
performance in the detection of pulsed sinusoidal signal and
the worst in the detection of chirp signal. In the experiment,
the power of the three RFI signals are maintained the same.
Meantime, the bandwidth of the pulsed chirp signal is set the
largest while the pulse sinusoidal signal is the smallest of the
three. This difference makes the distribution in frequency
domain differ with each other. When the spectral distribution
is tested, the narrowest one raised in the spectrum gets the best
detector performance while the widest one with ﬂat level will
get the worst performance. This situation will be changed as
the ISNR grows. Once the power of RFI is strong enough, itcan be detected by the kurtosis detector no matter what kind
of RFI it is.
5.2. Real raw data experiment results with SSC method
To demonstrate the efﬁciency of the developed RFI detection
and suppression algorithms proposed in this paper, an
Fig. 8 ROC curves with different RFI.
Fig. 9 Image results with different RFI suppression methods.
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both the previous SSC method and the improved SSC method
presented in Section 4. The radar operates. The carrier fre-
quency of the radar is 400 MHz, and its range bandwidth is
about 85 MHz. The imaging results with different RFI sup-
pression methods are shown in the following ﬁgure.
The original image without any RFI suppression processing
is shown in Fig. 9(a). In the two-dimensional image, thedimension down is the range aspect and the dimension across
is the azimuth aspect. Superimposed on the SAR image, strong
RFIs look like bright wide stripes and something like dense
raindrops in the range aspect. Those stripes mask the ground
target and make the whole SAR image blurred. Because of
the high ISNR, the image is blanched and the contrast is also
very bad. Fig. 9(b) shows the result of RFI suppression with
notch ﬁltering. The majority of the RFI has been removed as
almost all the periodically disturbances have disappeared.
However, because of lost too many frequency domain compo-
nent, the artifacts in the scene seem to be not well focused and
lots of details lost. Fig. 9(c) gives the result of RFI suppression
with the previous SSC method. In the processing we just
simply separate the SAR signal into 8 subbands averagely
without any detection. Most of the RFI has been removed
but some weak stripes can still be seen in the center parts of
the image. As there are not only one RFI in the spectrum just
like Fig. 1 shows, average separation cannot ensure all the RFI
contained subbands are divided into one group subbands.
Then we use the improved SSC method to process the same
data, we get the results of Fig. 9(d). The image results of
Fig. 9(d) show good quality compared to the other two, as
most stripes have gone and the whole image is more legible.
In order to illuminate the applicability of the proposed
method, we have test the algorithm with another two different
scenes. Champaign and ocean scene are selected to be tested.
As the results shown in Fig. 10(b) and (c), there are remains
interference lines in the image with the previous SSC method.
While after RFI suppression using the improved SSC method,
Fig. 10 Image results with Champaign scene.
Fig. 11 Image results with Ocean scene.
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roads and ground texture in the image are represented clearly.
The same event happens in Fig. 11.
6. Conclusion
In this work, the characteristic of RFI is summed through the
long-term observing and studying with the RFI-affected air-
borne and spaceborne SAR data. Then the technique named
subband spectral kurtosis detector has been discussed for the
detection of the narrow band RFI signal in SAR. Based on
the detection method, the subband spectral cancelation is con-
summated for both RFI detection and suppression. Compared
with the previous algorithms, the improved method can
suppress the RFI more effectively and drastically.
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